Figs. 1-SM(a) and 1-SM(b) show angular momentum distributions of fragment ions relative to the laser polarization direction (horizontal) for three-and two-body fragmentation reactions, respectively. From the angular distributions it is possible to infer how fast the fragmentation reactions happen in comparison to the rotational motion of the molecular ion. 1-SM, 2-SM, 3-SM
-SM: Fragment angular distributions with respect to the laser polarization direction (horizontal). (a) Angular distributions of protons ejected during three-body fragmentations of C 2 H 3+ 4 initiated with 25 fs laser pulses. Open dark red squares and blue dots denote the protons ejected during the reactions defined by Eqs. (5) and (7) in the main manuscript, respectively. The green triangles and filled red squares denote the protons ejected during the first and second fragmentation steps of the sequential reaction Eq. (8) of the main manuscript, respectively. (b) Angular distributions of fragments ejected during two-body fragmentations of C 2 H 3+ 4 initiated with 25 fs laser pulses for the reactions defined as Eqs. (1) [red dots] and (2) [blue squares] in the main manuscript. The laser peak intensity is 8×10 14 W/cm 2 for all data points in both panels.
It can be seen that the angular distributions of all fragment ions that are ejected during either the first step of a sequential fragmentation reaction or during a concerted three-body fragmentation reaction strongly peak along the laser polarization direction. The same is true for the two-body fragmentation reactions. The shape of the measured angular distribution of fragment ions can be strongly influenced by molecular alignment initiated by the ionizing laser pulse. It has been shown that this so-called postionization alignment (PIA) effect is negligible for few-cycle pulses. 4-SM We checked by comparing the angular momentum distributions measured for laser pulse durations of 4.5 and 25 fs that the anisotropic angular momentum distributions in Fig. 1-SM(a) are not affected by PIA owing to the fast fragmentation of the triply charged molecular ion. The strongly anisotropic shapes therefore show that these fragmen-tation reactions take place fast as compared to the rotational period of ethylene about the C-C axis. 1-SM The rotational period can be calculated from the rotational constant. For the symmetry of ethylene there exist two rotational constants for rotation about the C-C axis, which have been measured to be just slightly different, namely 1 and 0.83 cm −1 , respectively. 5-SM From these values the two rotational periods are calculated to be approximately 17 and 20 ps. Thus, the fragmentation reactions discussed above take place much faster than 17 ps. In contrast, the isotropic angular distribution of the proton ejected during the second step of the sequential three-body fragmentation reaction, Eq. (8) in the main manuscript, shown by red squares in Fig. 1-SM(a) , indicates that the second step takes place on a time-scale comparable or longer than the rotational period. In any case the second fragmentation step takes place much later than the first one. Thus, the dications formed during the first fragmentation step of this channel are metastable and exhibit a long lifetime in the tens of picoseconds range, which is much longer than the vibrational dynamics of the C-H and C-C bonds. In contrast, the very directed ejection of the moieties along the laser polarization direction during the first fragmentation step indicates that no meta-stable ethylene trication exists. After the removal of three electrons the molecular trication dissociates into two or three fragments on a time scale that is much faster as compared to the rotational period. Therefore, the angular distributions in Fig. 1 -SM directly reflect the fragmentation direction of the first fragmentation step. This finding opens up the possibility to interpret them with respect to the underlying angular dependence of the ionization probability that is determined by the shape of the molecular orbitals that are involved in the ionization, 6-SM, 7-SM, 8-SM, 9-SM, 10-SM, 11-SM, 12-SM, 13-SM as described in the main manuscript.
